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Abstract

Background—All thirteen known mammalian aquaporins have been detected in the eye. 

Moreover, aquaporins have been identified as playing essential roles in ocular functions ranging 

from maintenance of lens and corneal transparency to production of aqueous humor to 

maintenance of cellular homeostasis and regulation of signal transduction in the retina.

Scope of review—This review summarizes the expression and known functions of ocular 

aquaporins and discusses their known and potential roles in ocular diseases.

Major conclusions—Aquaporins play essential roles in all ocular tissues. Remarkably, not all 

aquaporin function as a water permeable channel and the functions of many aquaporins in ocular 

tissues remain unknown. Given their vital roles in maintaining ocular function and their roles in 

disease, aquaporins represent potential targets for future therapeutic development.

General significance—Since aquaporins play key roles in ocular physiology, an understanding 

of these functions is important to improving ocular health and treating diseases of the eye. It is 

likely that future therapies for ocular diseases will rely on modulation of aquaporin expression 

and/or function. This article is part of a Special Issue entitled Aquaporins.
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1. Introduction

Aquaporins (AQPs) are a ubiquitous family of transmembrane water channels that play 

critically important functions in all taxa of life [1–3]. The discovery of the first member of 

this family, AQP1, by Peter Agre was recognized by the 2003 Nobel Prize in Chemistry 

[4,5]. The ability of a cell to move water across its plasma membrane is an essential 

molecular process that allows for fluid secretion from glandular tissues, allows for fluid flow 

in tissues for the delivery of nutrients and removal of wastes, and allows for cell volume 

regulation. Water movement through the channel is via facilitated diffusion and is controlled 

by local osmotic gradients. Of the thirteen AQPs found in humans, all have been detected at 
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the mRNA and/or protein level in ocular tissues. The AQP family can be divided into the 

classic aquaporins (AQPs 0, 1, 2, 4 & 5), the aquaglyceroporins (AQPs 3, 7, 9 & 10), and 

the unorthodox aquaporins (AQPs 6, 8, 11 & 12) [2,6]. While all family members are 

permeable to water, the aquaglyceroporins are permeable to glycerol, and, to varying 

extents, other small molecules. The unorthodox aquaporins differ from the other family 

members in their deviation from the characteristic aquaporin NPA box sequence motif and, 

for AQP11 and AQP12, in their intracellular localization. For the purposes of this review, 

we will focus on the role of AQPs in water transport in ocular tissues.

The eye is a complex sensory organ consisting of multiple tissue types. The main optical 

elements, the cornea and lens, are avascular tissues where regulation of water movement is 

essential for maintaining transparency. The retina, as the key sensory tissue, requires 

exquisite fluid balance to maintain cellular homeostasis and proper tissue function. As 

discussed below, AQPs play important roles in all ocular tissues. The localization and 

function of AQPs in the eye were reviewed by Verkman in 2003 [7] and 2008 [8] and by 

Fischbarg in 2012 [9]. In addition, several specific reviews on AQPs in ocular epithelia have 

appeared [10,11]. The purpose of this review is to provide an update on our knowledge of 

aquaporin expression and function in the eye and to discuss the role of AQPs in ocular 

diseases (Table 1). The order of discussion begins with the interface between the eye and the 

environment, i.e. the cornea, and proceeds to the back of the eye concluding with a 

discussion of retinal AQPs.

2. Cornea

As the outermost part of the eye, the cornea is exposed to the environment and yet its 

transparency is essential for its function as an optical element in the eye. The cornea consists 

of a five-layered structure including the epithelium, Bowman’s layer, stroma, Descemet’s 

membrane, and endothelium (Fig. 1). The corneal epithelium is the major refractive surface 

of the eye and is bathed by tears secreted from lacrimal glands (see below). The stroma 

contains keratocytes interspersed among a network of collagen fibrils appropriately spaced 

to maintain transparency. The endothelium layer is bathed by the aqueous humor and 

provides access to fluid and nutrients. Corneal transparency requires precise regulation of 

water content. Changes in corneal water content alter the regular diameter and spacing of 

stromal collagen fibrils that are believed to be critical for transparency [12]. The stroma 

contains a high concentration of negatively charged glycosaminoglycans causing a mildly 

hyperosmolar environment relative to the aqueous humor [13]. As corneal transparency 

requires, water entering the cornea must be extruded to maintain its natural hyperosmotic 

state [14].

2.1. Aquaporin expression in the cornea

Several AQPs have been detected in the cornea including AQP1, AQP3, and AQP5. 

Differential expression of AQP5, AQP3 and AQP1 among the layers of the cornea has been 

consistently reported. For example, AQP5 has been found in all three corneal epithelium 

layers (superficial, wing, and basal cells) in human, mouse, and rat [10,15–17]. AQP3 has 

been localized to rat, dog, and mouse corneal epithelial cells [10,15,18]. AQP1 is expressed 

in the plasma membrane of endothelial cells and stromal keratocytes of mouse, rat, cow, and 
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human [15,16,19–23] and subcellularly in the inner leaflets of the plasma membrane of the 

endothelium [21]. Semi-quantitative measures of AQP expression in the cornea by RT-PCR 

show AQP1 levels are approximately three-fold higher than AQP3 and 2.5 fold higher than 

AQP5; however, the highest intraocular expressions of AQP3 and AQP5 are in the cornea 

[24].

The presence of other AQPs in the cornea has been reported, although the results have not 

been confirmed by independent studies. AQP11 and a weak signal for AQP2 were detected 

in rat cornea [25], contrary to previous reports on the absence of AQP2 in the eye [24,26]. 

AQP4 was also thought to be absent in the cornea [15]; however, both AQP4 mRNA and 

protein were detected in the cornea [25,26]. In addition, a study of AQP glycosylation in the 

cornea showed abundant glycosylated and non-glycosylated AQP1, weak non-glycosylated 

AQP3, weak glycosylated AQP5, and abundant non-glycosylated AQP11 [26].

2.2. Aquaporin function in the cornea

Aquaporins play a fundamental role in transmembrane water movements across the cornea 

and conjunctiva into the tear film and therefore are important in maintaining tear film 

osmolarity and stromal layer thickness [8–10]. AQP5 is responsible for water movement 

across the corneal epithelium onto the ocular surface driven by the hypertonicity of the tear 

film. AQP1 facilitates water movement across the corneal endothelium that, together with 

epithelial AQP5, maintains a partially dehydrated and transparent stromal layer. Briefly, the 

involvement of AQP1 and AQP5 in corneal fluid transport across endothelial and epithelial 

barriers was demonstrated by AQP1 or AQP5 deletion where corneal thickness was 

remarkably reduced in AQP1-null mice and increased in AQP5-null mice [27]. In AQP1 

null mice, reduced osmotic water influx from aqueous humor to the stroma combined with 

normal movement to the tear film via AQP5 is predicted to produce a chronically 

dehydrated and thinned cornea. In AQP5 null mice, the reduced rate of osmotically driven 

water efflux from the stroma to the tear layer is predicted to produce an increase in corneal 

thickness [27]. Additional evidence for AQP5-mediated water secretion across the corneal 

epithelium is the increased tear film hypertonicity in AQP5 knockout mice and decreased 

tear film osmolarity when evaporation was prevented by exposure of mice to a humidified 

atmosphere [28]. These results indicate that AQP5 and AQP1 act as major components of 

the pathway for osmotically driven water movement across the corneal epithelium and 

endothelium, respectively [29]. The roles of other AQP members detected in corneal tissue 

remain to be investigated. Interestingly, a candidate gene study to investigate the genetic 

determinants of normal variation in central corneal thickness found no association between 

polymorphisms in AQP1 and AQP5 and normal variation in central corneal thickness [30].

It is important to note that an alternative mechanism to transcellular water flow through the 

corneal endothelium has been proposed. Fischbarg proposed that paracellular water flow 

through tight junctions by electro-osmotic forces occurs in “leaky epithelia”, as in the 

corneal endothelium, and can explain AQP1 null mouse results [31,32].

As seen in many cell types, AQPs in the cornea are also found to be involved in cell 

migration and proliferation. Delayed corneal re-epithelialization and delayed restoration of 

full-thickness epithelia after scraping in an AQP3-null mouse wound healing model suggest 
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a distinct defect in cell migration and cell proliferation [33]. Increased expression of AQP1 

after wounding and delayed healing of debrided corneas in AQP1-null mice have also been 

reported, implicating AQP1 as an important determinant in corneal stromal wound repair 

[20]. Increased cell migration is believed to occur due to AQP-facilitated water permeability 

[20]; however, AQP-facilitated changes in cell volume as cells migrate through narrow 

extracellular spaces may also contribute to AQP-dependent cell migration [20]. In vitro 

studies of the role of AQPs in human corneal endothelial cell proliferation and migration 

showed that down-regulation of AQP1 by siRNA decreased proliferation and migration via 

the ERK signaling pathway, whereas, down-regulation of AQP5 increased human corneal 

epithelial cell migration and proliferation with no significant difference in phosphorylated 

ERK levels [34].

2.3. Aquaporins in corneal disease

Altered expression of AQPs has been reported in corneal endothelial diseases such as 

pseudophakic bullous keratopathy (BK) and Fuchs’ dystrophy, both of which result in 

corneal edema [22]. BK occurs after cataract removal and placement of intraocular lens. 

Fuchs’ dystrophy is a degenerative disease of corneal endothelium that is most common in 

older women. Even though the two diseases share many clinical similarities, AQP 

expression is different in BK corneas compared with those from Fuchs’ dystrophy patients 

[25,35]. The clinical hallmark of BK is the chronic corneal edema that occurs in the corneal 

stroma and endothelium. BK corneas exhibited abnormal staining for AQP1, AQP3 and 

AQP4. Specifically, altered expression of AQPs in BK corneal endothelium includes: 

decreased AQP1, increased AQP3, and increased AQP4. AQP1 expression was decreased in 

Fuchs’ dystrophy corneal endothelium with no change in AQP3 and AQP4 [25]. Although it 

is generally accepted that BK is a corneal endothelium disease, epithelial cells in BK 

corneas have decreased Na+/K+-ATPase alpha subunit expression and normal expression in 

stromal and endothelial cells [36]. AQP changes in BK corneas suggest future BK therapies 

including treatments that can enhance or suppress AQP expression or function in order to 

control cornea edema.

Normal levels of AQP1 were found in human cornea endothelia with non-endothelial 

corneal diseases such as corneal scarring and keratoconus (KC) [22]; however, AQP5 was 

reported to be absent in the cornea epithelium from KC corneas [37]. The gene for AQP5 is 

normal in KC indicating that expression of the gene is suppressed [37], however, in contrast, 

two other studies found no significant difference in AQP5 expression between healthy and 

KC corneas [17,25].

3. Lacrimal gland

The lacrimal glands are glands that secret the aqueous layer of the tear film and their 

structures include the secretory end-piece (acini) and a duct system [38]. The lacrimal gland 

together with the ocular surface (cornea, conjunctiva, and Meibomian gland) and the 

interconnecting sensory and motor innervations comprise the integrated system called the 

lacrimal functional unit (LFU). The LFU plays a multifaceted role in maintaining a 

homeostatic microenvironment for the live, actively functioning epithelial cells at the 

exposed surfaces of the cornea and conjunctiva [38,39]. Tears are secreted by acini and 
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drained by four levels of ducts [38]. Tear secretion is regulated by AQP water channels 

[7,40].

3.1. Aquaporin expression in the lacrimal gland

Multiple AQPs are expressed in lacrimal glands. AQP5 expression in lacrimal glands is 

localized in the apical membrane of rat and mouse acinar and duct cells [15,16,41]. 

Recently, AQP5 was also found in the basolateral membranes of acinar cells in rabbit 

lacrimal glands [42,43] and in lacrimal gland microvascular endothelial cells [26]. In 

addition to AQP5, AQP3 has been consistently detected in the basolateral membranes of 

acinar cells [41,44], AQP4 was detected in both acinar cells and ductal cells [41–44], and 

AQP1 was found in microvascular endothelia [15,26,41,44]. The abundance of different 

AQPs varies significantly among acini and different duct segments and previous reported 

results are not always consistent. For example, Sasaki et al. showed that AQP5 in lacrimal 

glands is mainly located in the ductal cells rather than in the acinar cells in pilocarpine 

stimulated mice [45]. Whether this observation is due to altered localization by pilocarpine 

needs further study. Abundant intracellular AQP11 mRNA and protein, as well as weak 

signals for AQP0, AQP2, AQP8 and AQP9 mRNA, were also found in rat lacrimal glands 

[26].

3.2. Aquaporin function in the lacrimal gland

Reduced saliva and sweat secretion in AQP5 null mice indicate an important role for AQP5 

in physiological water movement in exocrine glands [46,47]. Lacrimal and parotid glands 

have many similarities to exocrine glands in tissue structure and glandular secretion 

mechanisms [45]; however, unaltered tear secretion in knockout mice lacking AQP1, AQP4, 

AQP3 and AQP5 does not support an essential role for aquaporins in lacrimal gland fluid 

secretion [44]. Further study confirmed that AQP5 deletion had no effect on pilocarpine-

stimulated tear volume [45]. The requirement of aquaporins in salivary but not lacrimal 

gland secretion is thought to be due to substantially lower fluid secretion rate across lacrimal 

gland acinar cells [44]. The average tear production is only ~5 mL per day and water 

secretion can be sufficiently achieved by AQP-independent water transport [44,45]. A later 

study reported that AQP5 is present in ductal cells rather than in the acinar cells in 

pilocarpine stimulated mice; showing an opposite distribution between lacrimal glands and 

parotid glands. The authors proposed that AQP5 might be an osmoregulator to maintain an 

isotonic tear solution rather than function in tear secretion [45]. The variable experimental 

results may be indicative of species differences and antibody variability. Clearly, additional 

work is needed to confirm the distribution of AQPs in the lacrimal gland for a better 

understanding of their functions.

3.3. Aquaporins in lacrimal gland disease

Sjögren’s syndrome (SjS) is an autoimmune disorder characterized by decreased lacrimal 

and salivary gland secretions, resulting in severe dry eye and dry mouth. Altered AQP 

expression in lacrimal glands of SjS patients and SjS animal models has been studied. AQP5 

protein levels were similar in lacrimal glands from SjS patients and normal subjects, but 

defective cellular trafficking in SjS patients was reported. AQP5 was localized in the apical 

membranes of lacrimal acinar cells in healthy controls and non-Sjögren’s syndrome dry eye 

Schey et al. Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2015 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patients, but AQP5 is localized in the cytoplasm in patients with Sjögren’s syndrome [48]. 

This selective defect in lacrimal gland AQP5 trafficking in Sjögren’s syndrome might 

contribute to decreased lacrimation and subsequent dry eye in these patients. Later results 

suggested that lack of an AQP5 C-terminal binding protein (prolactin-inducible protein) in 

SjS may contribute to defective AQP5 trafficking [49]. Another study found that 

autoantibodies against the muscarinic type 3 receptor suppress AQP5 trafficking to the 

membrane and contribute to impaired fluid secretion in SjS [50].

Altered AQP5 and AQP4 expression was observed in rabbit lacrimal gland with induced 

autoimmune dacryoadenitis (IAD), which mimics many pathologic features of SjS [43]. The 

expression of AQP4 in lacrimal glands from rabbits with IAD was 36% more abundant than 

normal controls, whereas AQP5 was 72% less abundant. The overall AQP5 expression level 

change reflects decreased AQP5 in acinar cells but increased AQP5 in ductal cells in rabbits 

with IAD [43]. Quantification of AQP5 protein showed significantly higher levels in tears of 

SjS patients suggesting that damage to lacrimal glands and corneal epithelium may shed 

AQP5 into tears [51]. Lacrimal gland destruction and leakage of AQP5 into tears were also 

observed in IAD [52]. These findings suggest that detection of AQP5 in tears may be useful 

for the diagnosis of LG disorders [52]. Another finding that could be related to AQP-related 

dry eye symptoms is the altered expression of AQP4 and AQP5 during pregnancy [53]. 

Pregnant rabbits demonstrated typical clinical symptoms of dry eye and, at term pregnancy, 

expression of AQP5 was significantly lower, but expression of AQP4 was higher than 

controls in whole LG [53]. Similar to rabbits with IAD, AQP4 immunoreactivity was 

increased in acini while AQP5 immunoreactivity was present in ducts of pregnant rabbits 

[53].

4. Ciliary epithelium & trabecular meshwork

The ciliary epithelium and the trabecular meshwork (TM) control aqueous humor dynamics 

in the eye. The ciliary epithelium consists of two epithelial layers: the pigmented epithelium 

and the non-pigmented epithelium (NPE) that cover the ciliary body (Fig. 2). The non-

pigmented epithelium is responsible for aqueous humor production while aqueous humor 

drainage (outflow) occurs through the trabecular meshwork into the canal of Schlemm. The 

balance between aqueous humor secretion and outflow is critically important in maintaining 

intraocular pressure (IOP).

4.1. Aquaporin expression in ciliary epithelium and trabecular meshwork

AQP1 and AQP4 are present on the apical and basolateral membranes of the NPE [15,54]. 

AQP1 and AQP4 are also expressed in the endothelium of the trabecular meshwork [15]. 

AQP1 is expressed in the endothelium of the canal of Schlemm [15].

4.2. Aquaporin function in ciliary epithelium and trabecular meshwork

AQP1 and AQP4 are responsible for water transport out of the NPE to produce the aqueous 

humor. Water transport through AQP1 and APQ4 occurs after a local osmotic gradient is 

established via secretion of ions (Na+, Cl−, and HCO3−) and small molecules (ascorbic acid) 

[55]. Given that connexins form gap junctions between pigmented and non-pigmented 
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epithelia that are required for aqueous humor production [56,57] and that AQPs in the lens 

are known interacting partners with connexins [58,59], we speculate that such AQP-

connexin interactions could play a role in establishing or regulating the aqueous humor 

secretion machinery. A significant decrease in IOP was observed in AQP1 and AQP4 null 

mice and this was attributed to decreased aqueous humor production rather than alternations 

in outflow facility [60]. Consistent with this interpretation, recent work suggests that 

transcellular water transport plays no role in aqueous humor outflow despite AQP 

expression in the trabecular meshwork and Schlemm’s canal endothelia [61]. Instead, a 

paracellular outflow pathway has been proposed where TM cell volume, and thus outflow 

facility, is controlled by AQP1 [62]. Additionally, AQP1 has been shown to serve a 

protective role in TM cells upon exposure to mechanical stress [63].

4.3. Aquaporins in disease

As mentioned above, the balance between aqueous humor production and outflow maintains 

IOP. Elevated IOP is the most significant risk factor for glaucoma. To date, there have been 

no studies linking AQP deficiency or mutation to altered IOP in humans. However, given 

the role of AQP1and AQP4 in aqueous humor production, these specific AQPs have been 

identified as potential therapeutic targets for pharmacological inhibition in glaucoma 

patients [10].

5. Lens

The ocular lens is a transparent, avascular organ located in the front of the eye. Cells within 

the lens contain high concentrations of crystallin proteins and are tightly packed to reduce 

light scattering. The lens contains two distinct cell types — a monolayer of epithelial cells 

on the lens anterior, and elongated, organelle-free fiber cells that comprise the bulk of the 

lens (Fig. 3). Lens growth continues throughout the lifetime of an organism with new fiber 

cells being continually added to the outer cortex of the lens. Differentiated fiber cells lack 

the machinery to synthesize new protein and, as a result, cells and their proteins in the lens 

core are as old as the individual. As in the cornea, fluid balance in the lens is crucially 

important in maintaining transparency [64].

5.1. Aquaporin expression in the lens

As epithelial cells migrate to the lens equator and differentiate to fiber cells, there are 

significant changes in aquaporin expression. Lens epithelial cells contain AQP1 [15]. Recent 

immunohistochemistry studies also demonstrated AQP5 and AQP7 labeling in the lens 

epithelium; however, their relative abundance has not been measured [65–67]. In lens fiber 

cells, AQP0, formerly known as major intrinsic protein (MIP), is highly abundant 

comprising over 50% of lens membrane protein concentration. AQP5 is also found at lower 

levels in fiber cells, estimated to be ~5% of lens AQP0 levels [24,66–69].

AQP1 is present in apical and basolateral membranes of lens epithelial cells [70]. As 

epithelial cells migrate toward the lens equator and begin to differentiate, AQP1 expression 

decreases and is gradually replaced by AQP0. In rat lenses, immunofluorescence indicates 

that AQP0 localization changes with distance from the lens capsule [71]. In the outer cortex, 
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AQP0 is distributed between broad and narrow sides of the hexagonally-shaped lens fiber 

cells. Deeper into the cortex, AQP0 predominantly forms plaque-like structures on the broad 

sides of fiber cells, which is consistent with ribbon-like and tongue-and-groove type 

structures found in freeze-fracture studies [72,73]. In the inner cortex, AQP0 is again 

redistributed throughout the plasma membrane [71]. AQP0 in the lens core is present in 11–

13 nm thin junctions, supporting its role as a structural molecule [74]. These changes in 

AQP0 localization may be critical for modulating protein function in mature lens fiber cells 

from a water pore to a junctional protein.

Proteomics, immunofluorescence, and transcriptomics studies suggest that AQP5 is present 

in much lower abundance than AQP0 [24,66,67] and that it traffics from the cytosol to the 

membrane during fiber cell differentiation [67]. Currently, the role of AQP5 trafficking to 

the membrane is not well understood, although it is hypothesized to assist in water transport 

in the lens core [67].

5.2. Aquaporin function in the lens

The lens, as its name implies, functions as a key focusing element in the ocular optical 

system. In order to function as a focusing element, the lens has developed a mechanism to 

reduce spherical aberrations and to remain transparent. Spherical aberrations are reduced by 

establishing a gradient of refractive index (GRIN). This gradient is formed by differential 

protein expression and concentrations across fiber cells; a concentration gradient that must 

be exquisitely maintained via fluid balance [75]. Furthermore, lens volume changes during 

accommodation are accompanied by rapid water movements presumably through AQP 

channels [76]. Lastly, a microcirculation system has been proposed to explain how 

transparency of this avascular tissue is maintained over decades of life. Localization of both 

ion channels and aquaporins is important in establishing the water flux necessary for the 

circulation system [77]. Clearly, any disturbance in water transport properties could have 

significant deleterious effects on transparency and optical properties of the lens.

Studies in AQP1 null mice demonstrated the importance of AQP1 for water transport in lens 

epithelial cells [70]. These AQP1-deficient lenses had normal morphology but lower 

epithelial permeability to water, as demonstrated by higher basal water content, less 

response after incubation in hypotonic solutions, and slower equilibration in cell swelling 

assays. To date, no functional studies have characterized the role of AQP7 in the lens 

epithelium, although it could allow for transport of small molecules [65].

The shift from AQP1 expression in lens epithelial cells to expression of AQP0 in lens fiber 

cells may seem odd due to low mammalian AQP0 permeability [78] (note that killifish 

AQP0 has high permeability, similar to AQP1 [79,80]); however, there are several reasons 

AQP0 may uniquely serve lens biology. First, its extremely high density in lens fiber cells 

could compensate for its relatively low permeability. It is noteworthy that the estimated sum 

of the AQP0 permeability in lens fiber cells is equivalent to that of AQP1 permeability in 

epithelial cells [81,82]. This may be required to maintain water balance between the bulk of 

the lens and the highly permeable epithelial layer. Additionally, AQP0 permeability can be 

regulated under certain conditions, potentially allowing for increased water flow when 

necessary. Two studies demonstrated that AQP0, but not AQP1, permeability is sensitive to 
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pH and Ca2+ levels [83,84]. AQP0 can also be modulated by protein–protein interactions. 

Calcium affects calmodulin binding to the AQP0 C-terminus resulting in decreased water 

permeability [85,86]. Phosphorylation of serine-235 in AQP0 reduces calmodulin binding 

and consequently increases the permeability of the channel [87,88]. Phosphorylation at 

serine-235 has also been shown to be important for trafficking of AQP0 to the plasma 

membrane [89].

AQP0 may also serve as a structural and/or adhesion molecule. The interaction of AQP0 

with ezrin/radixin/moesin actin binding proteins [90], with lens specific cytoskeletal proteins 

filensin and phakinin [91,92], and with gap junction proteins [58,59] may be important for 

its structural properties. AQP0 has been implicated in junction formation, tongue-and-

groove formation, and cell-to-cell adhesion in a number of studies [73,93–95]. As a long-

lived protein, AQP0 accumulates numerous modifications during its lifetime [68,96,97]. 

AQP0 is truncated in older fiber cells, which shifts the protein from water pore to junctional 

form [98,99].

Animal models of cataract have identified numerous residues important for AQP0 

trafficking and function, and have helped to characterize the unique role of AQP0 in the lens 

[100–102]. For example, AQP0 null mice have cataracts, disorganized cellular packing and 

altered optical properties [103,104]. Expressing AQP1 in AQP0 null mice does not fully 

restore lens transparency or cellular architecture, providing further evidence that AQP0 has 

unique functions in fiber cells that are imperative for lens transparency [101]. The role of 

AQP5 in lens fiber cells is unknown; however, it has been suggested that AQP5 trafficking 

to the membrane could enhance water permeability in the lens to compensate for the shift of 

AQP0 to its junctional form [68].

5.3. Aquaporins in lens disease

Although numerous autosomal dominant mutations in AQP0 cause cataract, mutations in 

other lens aquaporins have not been associated with lens phenotypes in humans. AQP1 null 

mice show accelerated cataract development upon stress [70], although humans with natural 

AQP1 mutations do not show signs of cataract [105]. There are no indications of lens 

opacities in AQP5 null mice [46,66].

The critical importance of AQP0 in the lens is highlighted by the fact that mutations in the 

AQP0 gene lead to congenital cataracts. AQP0 mutations cause improper trafficking (AQP0 

sequestration in the endoplasmic reticulum), disruption of protein interactions, and altered 

permeability. Varadaraj et al. found that Δ213, a single base deletion that leads to shortened 

AQP0 sequence in humans, results in protein sequestration in the ER [106]. Families with 

G165D mutation also have impaired AQP0 trafficking [107]. Another mutation, R233K, 

does not affect AQP0 localization to the plasma membrane but reduces binding to 

calmodulin, a regulatory calcium-binding protein [108]. Several other familial AQP0 

mutations have also been reported [109–115]. All of these AQP0 mutations cause congenital 

cataract.
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6. Retina

The retina is the key sensory layer of the eye and structurally it is a partial extension of the 

brain. The retina is composed of a fantastically complex layered array of neural and glial 

elements consisting of photo-receptor cells, neurons, ganglion cells and pigmented epithelial 

cells. Histologically, the retina consists of ten well-defined histological layers (Fig. 4) 

identified starting from the inner-most layer as: the inner limiting membrane (ILM), the 

nerve fiber layer, the ganglion cell layer (GCL), the inner plexiform layer (IPL), the inner 

nuclear layer (INL), the outer plexiform layer (OPL), the outer nuclear layer (ONL), the 

outer limiting membrane (OLM), the photoreceptor layer (PR), and the retinal pigment 

epithelium (RPE).

6.1. Aquaporin expression and function in the retina

As in other tissues aquaporins are critically important in the maintenance of ionic and 

osmotic balance in the sensory retina. The human retina expresses mRNA for all AQPs, i.e. 

AQP0 to AQP12 [65,116] whereas rat retina expresses mRNAs for all AQPs except for 

AQP2 and APQ10 [24,116,117]. Notably, the expression of AQP gene transcripts does not 

always correlate with AQP protein expression. Among the 13 mammalian AQP protein 

family members, the presence of nine AQP proteins, including AQP0, AQP1, AQP3, AQP4, 

APQ5, AQP6, AQP7, AQP9 and AQP11, has been observed at the protein level in human 

and/or rodent retina or optic nerve [118–122]. Given the complexity of the retina structure 

and the numerous AQPs expressed in the retina, we review expression and function of each 

AQP individually in the following sections.

6.1.1. AQP1—Two AQPs, AQP1 and AQP4, are the most abundantly expressed AQPs in 

the rodent retina. AQP1 is expressed in the outer retina, mainly in a subpopulation of 

amacrine cells and in photoreceptor cells [120,123–125]. In early studies, AQP1 was not 

detected by in situ hybridization [126] or by immunoblotting in human or rodent retina 

[127], but later studies clearly demonstrated that AQP1 immunoreactivity exists in the retina 

[15,124]. AQP1 was detected in adult human RPE in situ as well as in a fetal RPE 

monolayer culture [128]. Use of thin cryosections revealed very low AQP1 immunolabeling 

in the outer nuclear layer (ONL), the outer plexiform layer (OPL), the inner nuclear layer 

(INL) and the inner plexiform layer (IPL) in the rat retina and in the apical membrane 

microvilli of the choroid plexus [24,119,124]. However, the overall expression of AQP1 in 

retina is quite low compared to that in the choroid and sclera [24].

AQP1 has a polarized distribution in the RPE. The majority of AQP1 is localized in the 

apical membrane domain with much lower abundance in the lateral domain of RPE cells. 

The polarized expression of AQP1 in RPE contributes to: efficient transepithelial water 

transport across the RPE, maintenance of retinal attachment, and prevention of subretinal 

edema. The blood–retinal barrier (BRB) is formed by tight junctions between the endothelial 

cells of retinal capillaries and cells of the retinal pigment epithelium (RPE). The BRB 

prevents leakage of fluid, protein, and potentially harmful agents into the delicate neuronal 

layers of the retina. A consequence of this barrier is that most of the water crossing the RPE 

must pass through its two plasma membrane domains, each containing different amounts of 
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AQP1. Efficient water movement across the RPE in the apical to basolateral direction 

facilitates proper retinal attachment and function. Dysfunction leads to subretinal edema 

discussed below.

6.1.2. AQP4—AQP4 is heterogeneously expressed in the retina and optic nerve, but in the 

retina is restricted to Müller glial cells and astrocytes [116,120,129]. AQP4 expression in 

Müller cells has a polarized distribution with predominant expression in the end feet 

membranes (facing the vitreous body or capillary endothelium)[129]. The expression pattern 

of AQP4 suggests that Müller cells play a prominent role in water handling in the retina and 

that these cells direct osmotically driven water flux to the vitreous body and vessels rather 

than to the subretinal space [116,129].

APQ4 has been shown to co-localize and interact with the inwardly rectifying potassium 

channel Kir4.1; the major channel involved in the spatial buffering of the retinal potassium 

concentration mediated by Müller cells [130]. Several groups have shown similar 

immunofluorescence distributions of AQP4 and Kir 4.1 in Müller cells, with enriched 

density of both channels in the end-feet, soma and apical regions of the cell [120,129]. 

Further evidence of the interaction was reported using immunoelectron microscopy and co-

immunoprecipitation [129,131,132]. Co-localization of AQP4 and Kir4.1 in distinct 

membrane domains of retinal Müller cells has led to the idea that the rapid water transport 

and potassium fluxes through glial cells are coupled to control potassium concentrations 

during light activation [129,133]. This notion has been challenged by studies that show no 

effect of AQP4 deletion on Kir4.1 function [134].

6.1.3. AQP0—AQP0 protein is expressed preferentially in the lens; however, several 

groups have detected weak immunoreactivity of AQP0 in human, mouse, rat, and dog retina 

[118,135]. qRT-PCR analysis indicated retinal expression of AQP0 mRNA but at a nearly 

250-fold lower level than that observed in the lens [135]. The abundance of AQP0 protein in 

the retina appeared to be proportional to the mRNA level. Retinal AQP0 immunoreactivity 

is localized to bipolar, amacrine and ganglion cells in two layers, the INL and at the border 

between the IPL and the GCL [118,135]. Axonal expression of AQP0 was restricted to the 

intraocular unmyelinated portion and disappeared immediately after the axons entered the 

optic nerve [136]. The physiological role of AQP0 in the retina is unknown but changes in 

expression levels during retinal detachment are discussed below.

6.1.4. AQP6—AQP6 is selectively localized to the OPL with two staining patterns 

observed in the rat retina. First, AQP6 is localized in membranes of Müller glial cells that 

surround the ribbon synapses and extend into the photoreceptor layer. Second, a punctate 

granular pattern is observed in the OPL much of which co-localizes with AQP4 staining 

[117,122]. AQP6 expression was also detected in adult mice in the RPE, ONL, OPL, INL, 

GCL and ILM layers [137]. In addition to being a water channel, AQP6 also functions as an 

anion channel with a high permeability for nitrate [138,139]. Thus, it is possible that AQP6 

is involved in Müller cell-mediated regulation of synaptic ion concentrations and of 

osmolarity in the OPL [122].

Schey et al. Page 11

Biochim Biophys Acta. Author manuscript; available in PMC 2015 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6.1.5. AQP3—AQP3 is an aquaglyceroporin that mediates the facilitated transport of 

water, small non-charged solutes such as glycerol and urea, as well as hydrogen peroxide 

across membranes [8,140–142]. In addition to its expression in other tissues and cells of the 

body, AQP3 is localized to epithelial cells, including RPE cells [143]. AQP3 protein 

expression was confirmed at the transcript and protein level in the RPE and neural retina in 

rat and mouse [137,144]. In adult mice, expression of AQP3 was detected in the ILM, OLM, 

INL and RPE layers. Remarkably, AQP3 was observed in the outer layer of the neuroblastic 

layer (NBL) in newborn mouse retina [137]. The NBL refers to the proliferative zone of the 

inner optic cup that consists of Retinal Progenitor Cells (RPCs); cells that later differentiate 

into specific retinal cell types [145]. Significant immunoreactivity of AQP3 in the NBL 

suggests the potential involvement of APQ3 in the postnatal retina development.

6.1.6. AQP9—Expression of AQP9 has been detected in catecholaminergic amacrine cells 

in the inner part of the INL [146] and in retinal ganglion cells [147,148]. The functional 

significance of the expression of AQP9 by catecholaminergic amacrine cells is unknown. 

AQP9 was also detected in astrocyte processes surrounding retinal capillaries, in the 

cytoplasm of the inner segments of the photoreceptors, as well as in retinal pigment 

epithelial cells [65,117,149]. In addition to its permeability to water, AQP9 is permeable to a 

wide variety of uncharged solutes, such as lactate, β-hydroxybutyrate, glycerol, purines, 

pyrimidines, urea, mannitol, and sorbitol [150]. AQP9 may serve a metabolic sensor role in 

the retina by facilitating the diffusion of glycerol and lactate to and from highly active 

synapses within the IPL. In addition, AQP9 expression is up-regulated in ARPE-19 cells 

under hypoxic and hypotonic conditions and the channel may serve as a transporter of 

lactate in these metabolically active cells [149].

6.1.7. AQP5—AQP5 was recently detected in rat and horse retina by immunostaining 

where the protein was found predominantly in the inner retina and, to a lower extent, in the 

rat RPE [117,151]. In the equine retina AQP5 was detectable in GCL, INL and ONL. Both 

of AQP4 and AQP5 are expressed in Müller cells but with complementary patterns of 

distribution within the cell. AQP4 is mostly localized to the main trunks of Müller cells, 

whereas AQP5 is located in processes of the IPL and the ONL [151]. These results suggest 

that AQP4 and AQP5 are responsible for water movements in distinct and separate areas.

6.1.8. APQ7 and AQP11—Both AQP7 and AQP11 are localized to the endfeet of Müller 

cells at the inner limiting membrane. AQP7 is also detected in the OLM and in the 

cytoplasm of the RPE [65]. The co-localization of AQP7 and AQP11 in Müller cells at the 

ILM suggests that these AQPs might participate in water transport into the vitreous body 

[65]. AQP7 may also be involved in osmotic gradient equilibration across the OLM. The 

physiological significance of AQP7 in RPE needs to be determined.

6.1.9. AQP2 and AQP12—AQP2 expression was found to be very low, but detectable, in 

the RPE, the inner segments of photoreceptors, the INL, and the ILM [137]. The expression 

of AQP2 in the RPE and ILM remains constant throughout life with no significant 

difference observed with age. AQP12 transcripts have been amplified by qRT-PCR in the 
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RPE and neural retina; however, to date, AQP12 has not been detected at the protein level. 

Thus, the functional role of intracellular AQP12 in the RPE remains unknown.

6.2. Aquaporins in retinal disease

6.2.1. Diabetes—Diabetic retinopathy is one of the most serious complications of diabetes 

mellitus, which can eventually lead to blindness. There are two types of diabetic 

retinopathies, proliferative diabetic retinopathy and non-proliferative diabetic retinopathy. 

Non-proliferative diabetic retinopathy is characterized by micro-aneurysms, hemorrhages, 

and intraretinal microvascular abnormalities. The development of retinal edema is the major 

vision-threatening condition of non-proliferative diabetic retinopathy [152]. The disturbance 

of the balance between the fluid influx into the retina and the fluid absorption from the 

retinal tissue into the blood underlies the development of retina edema [153]. Proliferative 

diabetic retinopathy is manifested by hypoxia-induced angiogenesis that can lead to 

hemorrhage into the vitreous humor.

In the retina, fluid homeostasis is primarily regulated by retinal glial and RPE cells 

[128,154]. Therefore, ion channels and AQPs in retinal glial and RPE cells play important 

roles in maintaining water and electrolyte balance. Numerous studies have suggested that 

diabetes is associated with a complex alteration of AQP expression and localization in the 

retina. Generally, these alterations may be involved in the development and/or resolution of 

retinal edema, as well as in the adaptation of retinal cells to hyperglycemic conditions.

In experimental diabetes, the most prominent alterations in the retina are the absence of 

AQP4 in superficial blood vessels and additional AQP1 expression in Müller glial cells of 

the neural retina, especially around the superficial blood vessels [117,155–158]. The 

expression of AQP1 is also up-regulated in the nerve fiber/ganglion cell layer. AQP4 within 

the nerve fiber bundles (inner nuclear layer) and around the ganglion cell bodies does not 

change. The expression of AQP1 in the outer retina remains constant during the course of 

diabetes [155]. Therefore, the type of AQP that surrounds the superficial retinal vessels 

switches from AQP4 to AQP1 in diabetes. This suggests that the glial cell-mediated water 

transport in the retina is altered after induction of diabetes especially at the superficial vessel 

plexus. Müller cells in diabetic retinas of the rat display a decrease in expression of the 

potassium channel Kir4.1 in perivascular membranes especially in the inner nuclear layer 

[159], whereas the expression of AQP4 around these vessels remains unaltered. An un-

coupling of the AQP4 mediated water transport from channel-mediated potassium currents 

may contribute to the diabetic retina edema. Up-regulation of AQP1 is a glial response to 

facilitate the equalization of osmotic gradients between the blood and the retinal tissue 

across the affected vessel walls. In addition, hypoxia-induced up-regulation of AQP1 might 

occur in retinal vascular endothelial cells [158].

Additionally, the levels of AQP5 and AQP9 in the RPE are up-regulated in the course of 

diabetes, whereas AQP6 protein in the outer plexiform layer is downregulated [117]. Up-

regulation of AQP5 supports a higher rate of fluid transport across the RPE to prevent 

subretinal edema. The expression of AQP9 in the neuronal retina is not altered in diabetic 

animals but it is up-regulated in the RPE. The pathophysiological significance of the up-

regulation of AQP9 in the RPE needs further study. For example, AQP9 is permeable to 
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non-charged solutes such as lactate and glycerol [150]. Whether an increased requirement of 

subretinal clearance of lactate induces the up-regulation of AQP9 in the RPE of diabetic rats 

needs to be further explored.

AQP0 protein appears in the intraocular portions of retinal ganglion cell (RGC) axons in 

diabetes along with its expression in the inner unclear layer and the border between the inner 

plexiform and RGC layers [118,136]. The expression of AQP0 in RGC axons increased with 

diabetes progression; however, AQP0 is absent from optic nerve axons. The up-regulation of 

axonal AQP0 protein seems specific for diabetic retinopathy; however, the 

pathophysiological significance of AQP0 in the retina remains unknown.

6.2.2. Glaucoma—Glaucoma is a heterogeneous group of diseases that adversely affect 

the optic nerve head and retinal ganglion cells. As discussed above, the most important risk 

factor for glaucoma highest risk factor for glaucoma is elevated intraocular pressure (IOP). 

Ocular hypertension can cause an ischemic-like insult to retinal ganglion cells and optic 

nerve head. Ocular hypertension is associated with changes in AQP expression and these 

changes are also considered key risk factors in the development of glaucomatous optic nerve 

neuropathy.

Expression of AQP9 is consistently down-regulated in a variety of glaucoma models. In a 

non-human primate glaucoma model, elevated intraocular pressure reduced AQP9 

expression in the optic nerve head [160]. AQP9 was also substantially reduced in the optic 

nerve head and in retinal ganglion cells in a rat model of chronic ocular hypertension [148]. 

AQP9 is the sole water channel expressed in astrocytes in the un-myelinated portion of the 

optic nerve head and in neurons in the GCL of the retina. As an aquaglyceroporin, AQP9 

presumably acts as a metabolite channel from astrocytes to RGCs; therefore, the reduced 

expression of AQP9 may be involved in the pathogenesis of glaucomatous optic neuropathy.

The change in AQP4 expression is controversial in different animal models of glaucoma. 

AQP4 expression was essentially unchanged in optic nerves of glaucomatous human and 

monkey eyes [160] and in rats with chronic IOP elevation [148]. However, AQP4 

expression was reduced in the retina and increased in the optic nerve in a mouse intra-ocular 

hypertension model [161]. Importantly, retinal function and cell survival were significantly 

improved in AQP4 deficient mice with elevated IOP [162]. The protective effect of AQP4 

gene deletion suggests the involvement of AQP4 in the pathophysiology of retinal injury in 

ocular hypertension.

Glaucoma also causes an increase in AQP7 expression in Müller cell endfeet [65].

6.2.3. Optic nerve crush model—The optic nerve crush (ONC) model closely mimics 

the damage that occurs in traumatic optic neuropathy and has been used as acute model of 

glaucoma. Such optic nerve injuries can involve both mechanical (primary) and ischemic-

induced (secondary) processes that include degeneration of nerve axons and loss of myelin 

[163–165]. In the rat ONC model, the injury causes a significant decrease in expression of 

AQP4 and Kir4.1 protein in the retina, suggesting impairment of ion homeostasis and K+ 

spatial buffering. ONC also causes a decrease in AQP9 protein, followed by an increase. 
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This response may reflect changes in the retina fuel supply and demand following a massive 

injury or an attempt at osmoregulation [166].

6.2.4. Aging—Age-related retinal degeneration is associated with an alteration in the 

expression of AQP proteins. The expression of AQP1 significantly decreased in the inner 

segments of photoreceptors, the INL, and the GCL in aged rats causing reduced mediated 

water transport in the retina [137]. In this same study, AQP3 expression was constant in the 

RPE, however, the level of AQP3 significantly decreased in the OLM and ILM. Overall 

expression of AQP4 in retina dramatically decreased in aged rats. The staining intensity and 

the number of AQP4 positive cells in the INL, OLM, ILM layers were significantly reduced 

and the staining of AQP4 is undetectable in RPE and the outer retina in aged mice. AQP6 in 

the old rat retina was only present in the ILM and RPE, revealing a remarkable decrease of 

AQP6 expression. In aged mice, positive staining for AQP9 was found only in the RPE and 

ILM; a significant decrease of AQP9 was observed in the GCL [137].

6.2.5. Uveitis—Uveitis or inflammation of the uvea is an important cause of blindness 

worldwide and it primarily affects patients in the adult age group. Uveitis can be caused by 

an infectious etiology or by an autoimmune response. The major cause of visual loss in 

uveitis patients is macular edema secondary to blood–retinal barrier (BRB) disruption [167].

In a mouse model of experimental autoimmune uveitis, histology analysis revealed 

intraocular inflammation, retinal disorganization with destruction of the RPE cell layer with 

ultimate loss of photoreceptors [168]. AQP1 immunostaining intensity in the ONL layer was 

significantly decreased due to the loss of photoreceptors, but no significant change in AQP1 

expression in the RPE or in choroidal endothelial cells was observed. AQP4 expression was 

either totally lost or decreased in the ganglion cell layer, the outer plexiform layer, and OLM 

in different histopathological lesions of uveitis.

Contrary to the mouse model, in a horse autoimmune uveitis model, expression of AQP4 

was significantly displaced from the inner retina to the ONL forming a new circular 

expression pattern. However, the expression of Kir4.1 was significantly down-regulated in 

horse autoimmune uveitis [151]. AQP4 and Kir4.1 expression changes suggest that 

potassium buffering and thus Müller cell physiology is highly affected in autoimmune 

uveitis. Interestingly, AQP5 expression was significantly decreased in horse uveitis. Since 

both of AQP5 and AQP4 are expressed in Müller cells but with different distributions within 

the cell, up-regulation of AQP4 may compensate for the decreased expression of AQP5 in 

horse autoimmune uveitis [151].

In an endotoxin-induced uveitis rat model, the expression of AQP4 and Kir4.1 was 

significantly reduced [169]. In addition, perivascular immunostaining of AQP4 in retinal 

Müller glial cells was lost. Uncoupled alteration of AQP4 and Kir4.1 in uveitis might cause 

functional defects in Müller cells rendering them unable to maintain fluid and ion 

homeostasis within the retina possibly contributing to macular edema.

6.2.6. Retinal detachment—Retinal detachment (RD) is a sight-threatening condition 

that occurs when the neural retina physically separates from the RPE. Retinal detachment is 
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associated with acute visual loss caused by anatomic displacement of the photoreceptors and 

with chronic visual loss/disturbance caused by retinal remodeling and photoreceptor cell 

death that may occur even after successful reattachment. In a mouse model, RD causes a 

markedly decreased expression of AQP0 mRNA and protein [135]. This model is similar to 

rhegmatogenous detachments in humans that cause a tear in the retina allowing fluid to 

accumulate between the RPE and the retina. The role of AQP0 in the maintenance of normal 

retina structure and function remains unknown.

6.2.7. Blue light injury—Overexposure of the retina to blue/white light causes opacity of 

retinal tissue and is accompanied by local edema in the subretinal space and outer retina. 

Histologically, illumination injury of the retina results in a rapid loss of photoreceptor 

segments and of the integrity of the outer nuclear and plexiform layers. AQP1 staining 

disappears along with the degeneration of photoreceptors in the outer retina [170]. The edge 

of the light-exposed area and the spaces around the remaining photoreceptor cells within the 

irradiated area display increased AQP4 staining, whereas Kir4.1 staining was decreased in 

GCL, IPL, INL. New Kir4.1 immunoreactivity emerged in the outer retina between the 

remaining photoreceptor nuclei and displayed a low expression throughout the entire retinal 

tissue. Overall, there is a strong time-dependent decrease in potassium conductance in 

Müller cells [171]. This response suggests that expression and functional uncoupling of 

AQP4 and the Kir4.1 channel resulted in Müller cell swelling and local retina edema.

Excessive light treatment also causes alteration and redistribution of AQP6 in the retina. 

Along with the degeneration of the photoreceptor cells, the AQP6 labeled ribbon synapses in 

the OPL disappear and additional punctuate staining of AQP6 appears in the INL [122]. 

APQ6 is an acid-activated anion channel [138,172], so it is conceivable that this aquaporin 

is involved in glial-mediated osmo- and ion-regulation of the extracellular space around 

ribbon synapses and may play an important role in pathology caused by light injury.

6.2.8. Ischemia–reperfusion—It is well known that ischemia–reperfusion causes the 

alteration of the two predominant AQPs in the retina, AQP1 and AQP4. Transient ischemia 

causes a switch from AQP4 expression to AQP1 expression in areas around superficial 

vessels in the nerve fiber and ganglion cell layers; however, no change in AQP4 levels was 

observed around the deep vasculature of the INL [118,121,173,174]. AQP4 knockout 

protects against impaired retinal function and cell death after retinal ischemia [175].

Overall, alteration of AQP4 and AQP1 expression is not specific to ischemic-reperfusion 

injury. A similar phenomenon has been observed in ocular inflammation, diabetic 

retinopathy, ocular hypertension, etc. All of these pathological conditions can cause 

ischemic-like injury to ocular tissue during disease progression. Furthermore, as discussed 

above, both AQP4 and Kir4.1 are important for controlling retinal swelling and most retinal 

pathologies are accompanied by alterations of amounts and/or spatial distribution of AQP4 

or Kir4.1. Uncoupling of AQP4 and Kir4.1 may play a crucial role in the induction of 

macular edema through disturbance of water fluxes and potassium influxes.

Schey et al. Page 16

Biochim Biophys Acta. Author manuscript; available in PMC 2015 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Conclusions

All thirteen mammalian AQPs have been detected in ocular tissues; however, the functional 

roles of many of these proteins remain unknown. Studies of the most prevalent ocular AQPs 

indicate important roles in maintaining water balance in ocular tissues to maintain 

transparency in cornea and lens, in corneal wound healing, to maintain tear film osmolarity, 

to generate aqueous humor, and to maintain retinal homeostasis. Clearly, more 

investigations are needed to produce a detailed understanding of this family of membrane 

transporters. In addition, past investigations have implicated AQPs in the etiology of a 

variety of ocular diseases including retinal and corneal edema, Sjögren’s syndrome, cataract, 

and several retinopathies. Thus, opportunities abound for targeting new therapies to AQP 

expression and function in ocular tissues [176–178].
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Fig. 1. 
Diagram of corneal cell layers indicating the locations of aquaporin expression.
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Fig. 2. 
Diagram of the location of ciliary epithelium and trabecular meshwork tissues indicating the 

location of aquaporin family member expression.
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Fig. 3. 
Diagram of the lens showing the localization of aquaporin expression.
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Fig. 4. 
Diagram of the retinal cell layers displaying the most abundant aquaporins expressed in each 

layer.
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Table 1

Localization of AQP expression in ocular tissues and possible roles in ocular pathologies and/or diseases.

Ocular component AQPs expressed Associated pathology/disease

Cornea

 Epithelium AQP3, AQP5 Fuch’s dystrophy

 Stroma AQP1 Pseudophakic bullous

 Endothelium AQP1, AQP4 Keratopathy
Corneal wound repair

Lacrimal gland

 Acini AQP3, AQP4, AQP5 Sjögren’s syndrome

 Ducts AQP4

Ciliary epithelium AQP1, AQP4

Trabecular meshwork AQP1, AQP4

Lens

 Epithelium AQP1, AQP5, AQP7 Cataract

 Fiber cells AQP0, AQP5

Retina

 Inner limiting membrane AQP2, AQP7, AQP11 Diabetic retinopathy

 Nerve fiber layer Glaucoma

 Ganglion cell layer AQP0, AQP5, AQP9 Uveitis

 Inner plexiform layer AQP1, AQP4, AQP5 Retinal detachment

 Inner nuclear layer AQP0, AQP1, AQP4, AQP5, AQP9 Blue light injury
Ischemia/reperfusion

 Outer plexiform layer AQP1, AQP4, AQP6

 Outer nuclear layer AQP1, AQP5

 Outer limiting membrane AQP7

 Photoreceptor layer

 Retinal pigment epithelium AQP1, AQP2, AQP3, AQP5, AQP7, AQP9
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